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ABSTRACT
We explore the origin of the observed decline in [O/Fe] (and [Mg/Fe]) with Galacto-
centric distance for high-metallicity stars ([Fe/H] > −1.1), based on a sample of halo stars
selected within the Apache Point Observatory Galactic Evolution Experiment (APOGEE)
fourteenth data release (DR14). We also analyse the characteristics of the [α/Fe] distribu-
tions in the inner-halo regions inferred from two zoom-in Milky Way mass-sized galaxies that
are taken as case studies. One of them qualitatively reproduces the observed trend to have
higher fraction of α-rich star for decreasing galactocentric distance; the other exhibits the
opposite trend. We find that stars with [Fe/H] > −1.1 located in the range [15 - 30] kpc are
consistent with formation in two starbursts, with maxima separated by about ∼ 1 Gyr. We
explore the contributions of stellar populations with different origin to the [α/Fe] gradients
detected in stars with [Fe/H] > −1.1. Our analysis reveals that the simulated halo that best
matches the observed chemical trends is characterised by an accretion history involving low to
intermediate-mass satellite galaxies with a short and intense burst of star formation, and con-
tributions from a more massive satellite with dynamical masses about∼ 1010M, distributing
low [α/Fe] stars at intermediate radius.
Key words: Galaxy: formation – Galaxy: halo – Galaxy: abundances – methods: numerical
– techniques: spectroscopic
1 INTRODUCTION
Observations of the Milky Way (MW) and the haloes of nearby
galaxies have revealed spatial sub-structures (Majewski et al. 2003;
Belokurov et al. 2006; Morrison et al. 2009; Bonaca et al. 2012;
Sesar et al. 2012; Gilbert et al. 2013; Ibata et al. 2014), as well as
differences in the kinematical and chemical properties of the stars
in the inner region of the Galactic halo with respect to the outer re-
gion (Carollo et al. 2007, 2010; Beers et al. 2012; Fernández-Alvar
et al. 2015). These results suggest that the stellar populations dom-
inating the inner- and outer-halo regions formed in systems with
different star-formation histories. One explanation proposed is that
? E-mail: emmafalvar@gmail.com
the outer halo was built mainly from mergers of satellite galaxies,
whereas the inner halo might have received contributions of stars
formed in-situ in the Galaxy (for example stars from a heated disc
due to merger events, e.g. Sheffield et al. 2012; Nissen & Schuster
2010; Schuster et al. 2012)
The formation of the stellar halo has been tackled using dy-
namical and hydrodynamical simulations (e.g., Bullock et al. 2010;
Cooper et al. 2010; Tissera et al. 2013; Pillepich et al. 2015). All
of these works predict the formation of the stellar halo mainly from
the contribution of satellites with a variety of masses. However,
hydrodynamical simulations also reported the possible existence
of an in-situ component (Zolotov et al. 2009; Tissera et al. 2012;
Cooper et al. 2015). Disc-heated stars are a possible candidate to
explain the origin of the in-situ components (as proposed from both
© 2017 The Authors
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numerical simulations as well as observational works, e.g. Tissera
et al. 2014; Bonaca et al. 2017), but they might have also formed
from gas transported in by gas-rich satellites (Zolotov et al. 2009;
Tissera et al. 2013). Harmsen et al. (2017) found that these sim-
ulations were able to reproduce global trends of the stellar haloes
of nearby galaxies, although most of them predicted more massive
stellar haloes than inferred from observations, and larger contribu-
tions of in-situ stars compared to the observed estimates.
However, recently observations have shown evidence for the
accretion of a relatively massive satellite contributing stars to the
inner halo of the Milky Way. Belokurov et al. (2018) observed
that the orbits of stars with [Fe/H] > −1.7 are strongly radial, in
a sausage-like distribution, and, by comparing with N-body simu-
lations, deduced that they come from the merger of a satellite with
virial mass M > 1010 M, which was called in following works
the “Gaia sausage". Using data from the Gaia second data release
(DR2), Deason et al. (2018) obtained that stars with very radial
orbits (like in the “Gaia sausage") have apocentres which pile up
at r ∼ 20 kpc, where the spatial break in the halo was measured
in numerous previous papers. They conclude that these stars likely
come from a satellite with stellar mass at least M > 108 M, or
from a group of dwarf satellites accreted at similar times. Helmi
et al. (2018) identified stars in retrograde orbits, and they also con-
strained (from the star-formation rates obtained from similar stars
in Fernández-Alvar et al. 2018b) the stellar mass of their progenitor
satellite to be∼ 6×108 M (which they called “Gaia-Enceladus").
From the analysis of globular clusters in the Galactic halo,
other evidence was found for relatively massive mergers. Myeong
et al. (2018) confirmed that the configuration of a group of globu-
lar clusters in action space is compatible with their coming from
the “Gaia sausage" merger event. Kruijssen et al. (2018) used
the age-metallicity relation in halo clusters, compared with the E-
MOSAICS hydrodynamical simulations, to infer that the MW may
have undergone mergers with three satellites with stellar masses
between 108 and 109 (the most massive of which they refer to
as “Kraken"). Other evidences have been also provided by Lan-
caster et al. (2018); Haywood et al. (2018); Fernández-Alvar et al.
(2018a); Simion et al. (2018); Iorio & Belokurov (2018); Wegg
et al. (2018); Mackereth et al. (2018).
An important piece of information is provided by α-element
abundances (e.g., Zolotov et al. 2009). Using the Aquarius haloes,
Tissera et al. (2013) showed that stars in the stellar haloes have dif-
ferent α-enrichments that could provide hints on the mass and star-
formation history (SFH) of the accreted satellites, as well as the
relative contributions of stars formed through different processes.
In their simulations, the authors identifed accreted stars (or debris)
formed in systems outside the virial radius of the main galaxy pro-
genitor, and later on, in-situ stars, formed within the virial radius.
Within the latter population, they also identified the so-called endo-
debris stellar populations, formed from gas carried in by accreted
satellites, and disc-heated stars, born in-situ in the disc and later,
dynamically heated into the halo. Their different origin predicts dif-
ferent chemical and kinematical patterns in the inner regions of the
stellar haloes, in particular different α-enhancement patterns.
Indeed, a promising path for investigation is consideration of
the [α/Fe] abundance ratios that have been derived from observa-
tions of large numbers of stars in the MW stellar halo (Fernández-
Alvar et al. 2015, 2017). The α-elements are ejected into the in-
terstellar medium (ISM) on short timescales (Myr), because these
elements are produced mainly by massive stars that explode as Type
II supernovae (SNeII). In contrast, release of the bulk of Fe occurs
on longer timescales (Gyr), because iron is synthesised by binary
stars of low and intermediate mass that explode as Type Ia super-
novae (SNeIa) . The patterns in the relative abundances [α/Fe]1 vs.
[Fe/H]) are well-known to be affected by the star-formation rate
and the initial mass function (e.g., see Fig. 1 of Fernández-Alvar
et al. (2018b)).
Fernández-Alvar et al. (2017) identified abundance gradients
for α-elements and other chemical species relative to the iron abun-
dance with distance from the Galactic center, based on an analysis
of over 400 stars from the APOGEE twelfth data release (DR12).
They found that the nature of these gradients depended on the
[Fe/H] range, flattening as [Fe/H] decreases, suggesting a variation
of the chemical-enrichment history for stars as a function of dis-
tance. The identification of Galactic halo simulations able to repro-
duce the observed trends can help to unravel the assembly history
of our Galaxy.
In this work, we examine the [α/Fe] trends with Galactocen-
tric distance observed in the halo of the MW by the APOGEE four-
teenth data release (DR14), which has tripled the number of stars
with this information available. We compare them with the trends
inferred from a set of simulated haloes of MW mass-size galax-
ies in order to constrain the assembly history that led to the stellar
populations in the inner-halo region with the observed chemical
compositions.
We employ the set of Aquarius haloes analysed by Tissera
et al. (2012, 2013, 2014) and Carollo et al. (2018) that correspond
to MW mass-size galaxies to study the chemical enrichment of
baryons during Galactic assembly. These authors found that the
stellar halo of the MW is characterised by combination of stellar
populations with different chemistry, kinematics, ages, and binding
energies depending on their origin. We acknowledge the fact that
the Aquarius haloes (Scannapieco et al. 2009) are known to over-
produce stars at high redshift. However, they comprise a diversity
of assembly histories for galaxies of similar virial masses that allow
us to explore which assembly history provides the best representa-
tion of the observations. Our approach is to use them as case studies
to identify the main processes that could explain the origin of the
α-abundance patterns detected in observations of the MW’s halo.
This paper is organised as follows. In section 2 we describe the
main characteristics of the observational and simulated data used in
this work. In section 3 we infer the chemical trends from both sets,
and analyse their similarities and differences. Finally, in section 4
we summarise our main results and conclusions.
2 OBSERVATIONAL AND SIMULATED DATA
2.1 Observations
We make use of the APOGEE fourteenth data release, DR14
(Blanton et al. 2017). This stellar spectra database includes all
the APOGEE observations gathered from May 2011 to July 2014
(Eisenstein et al. 2011), and the observations from the first two
years of its extension, APOGEE-2. Using a multi-object infrared
spectrograph (Wilson et al. 2010) coupled to the 2.5-meter tele-
scope at the Apache Point Observatory (Gunn et al. 2006), high-
resolution (R ∼ 22,500) spectra were obtained with a typical
signal-to-noise S/N∼ 100. Targets were spread over the main
Galactic components, including the halo (Zasowski et al. 2013,
2017). DR14 offers elemental-abundance determinations for ∼19
1 [α/Fe] = log(α/Fe) − log(α/Fe)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chemical especies determined by the APOGEE Stellar Parameters
and Abundances pipeline (ASPCAP; García Pérez et al. 2016).
We reproduce the analysis performed by Fernández-Alvar
et al. (2017), now using the more extended sample of APOGEE-2
stars included in DR14. As in their work, we select stars at distances
from the Galactic plane, |h|, larger then 5 kpc to avoid contamina-
tion from thick-disc stars. We consider distances derived by the
Brazilian Participation Group (BPG Santiago et al. 2016; Queiroz
et al. 2018) from the spectrophotometric stellar atmospheric param-
eters (effective temperature, Teff, and surface gravity, logg) deter-
mined in DR14.
We reject objects with less reliable measured parameters,
warned by the flags STAR_BAD, GRIDEDGE_BAD, PER-
SIST_LOW, PERSIST_MED, PERSIST_HIGH, TEFF_BAD,
LOGG_BAD,METALS_BAD, ALPHAFE_BAD, CHI2_BAD,
SN_BAD, and NO_ASPCAP_RESULT in the catalogue. In
addition, we only consider stars with spectra having S/N > 80,
Teff > 4000 K, and 1.0 < logg< 3.5.
These were the selection criteria chosen by Fernández-Alvar
et al. (2017) for analysing the APOGEE DR12, to which we aim
to compare our inferred chemical trends. Thus, we would like to
maintain the same Teff and logg selection cuts for consistence. Be-
sides, although improvements in the ASPCAP were performed in
DR14 (see Holtzman et al. (2018)), chemical issues have been still
detected related to stars at lower Teff and large logg. For instance,
Zasowski et al. (2019) revealed a strange high [O/Fe] trend at Solar
metallicities in stars with Teff < 3800 K. And due to the lack of sur-
face gravity estimations from asteroseismology at the time DR14
was released, calibrated logg values for stars at logg > 4 are still
not provided in DR14.
We also exclude stars likely belonging to clusters. We do not
exclude targets in streams, because substructures will also be con-
sidered in the simulation analysis.
Our final sample comprises 1185 stars. The mean uncertain-
ties estimated and their standard deviations, for the stellar param-
eters chemical abundances and distances in this stellar sample are
the following: σTeff = 83±17 K, σ logg = 0.09±0.02, σ [O/Fe] =
0.07±0.04, σ [Mg/Fe] = 0.05±0.02, and σdsundsun = 12±3%.
2.2 Simulations
We analysed six Milky-Way mass-sized haloes from the Aquar-
ius project (Scannapieco et al. 2009). The initial conditions of the
Aquarius haloes are consistent with a ΛCDM model with Ωm =
0.25, ΩΛ = 0.75, σ8 = 0.9, nS = 1, and H0 = 100h km s−1 Mpc−1
with h = 0.73. Dark matter particles have masses on the order of ∼
106Mh−1; initially the particles have masses of∼ 2×105Mh−1.
The analysed haloes correspond to level-5 resolution. The analysed
haloes are Aq-C-5 and Aq-D-5. Hereafter, we will use them Aq-C
and Aq-D for simplicity.
The simulations were performed using a modified version
of GADGET-3 (Scannapieco et al. 2005, 2006) that includes the
physics of the baryons, chemical evolution, and galactic mass-
loaded outflows triggered by SNe explosions. The chemical model
follows the enrichment from both SNeII and SNeIa.
The galactic systems are identified using the Friends-of-
Friends algorithm, and have virial masses in the range ∼ 5− 11×
1011Mh−1. Within the virial radius the simulations are numer-
ically resolved using ∼ 1 million total particles at z=0. Satellite
galaxies that could be identified by the SUBFIND (Springel 2005)
were taken out. Streams and substructures were not removed.
To define the stellar haloes, we applied the same criteria de-
scribed in Tissera et al. (2012), with an extra condition on the min-
imum height (|h|) above the disc plane. We define the disc compo-
nents by considering particles dominated by rotation (i.e., using the
ratio (ε) between the angular momentum along the z-axis and the
total angular momentum at that binding energy, so that star parti-
cles with ε > 0.65 are taken as part of the disc components). Star
particles that are dominated by dispersion and have a height |h|< 5
kpc are excluded from the analysis. This condition allows us to bet-
ter mimic the observations that, as described above, apply a similar
condition (see also Carollo et al. 2018; Monachesi et al. 2018). For
this analysis we consider the entire stellar haloes (i.e., no separation
between inner and outer haloes is applied).
In order to explore in more detail the origin of the α-element
patterns in the inner region (within 30 kpc) of the stellar haloes, we
adopt the same classification as Tissera et al. (2013): (1) Stars born
from gas accreted in the first stages of assembly, (2) Disc-heated
stars formed in the disc structure of the main progenitor galaxy,
then heated kinematically, and (3) Stars formed from gas carried in
by gas-rich satellite galaxies (’endo-debris’).
We acknowledge the fact that these simulated haloes appear
to be more massive than suggested by observations (Harmsen et al.
2017). In part, this could be due to an excess of in-situ stars or a
misclassification of thick-disc stars as disc-heated stars. Depend-
ing on the halo, the in-situ fraction contributes about 30 per cent
of the inner stellar halo (Tissera et al. 2012). A better agreement
between observations and simulations is found if the in-situ com-
ponents are not considered (Carollo et al. 2018). This is also the
case for other simulations that have been performed with differ-
ent numerical codes and baryonic physics (e.g. Monachesi et al.
2018). Nevertheless, the comparative analysis of the assembly his-
tories and the α-element patterns of these two haloes provides use-
ful clues for the interpretation of the current observations, as they
have been performed with the same subgrid physics and numerical
resolution, being the initial conditions (i.e. assembly histories) the
only difference between them.
In this paper, we focus on the simulated [O/Fe] distributions
as a function of radius, which we take to be representative of
[Mg/Fe] as well. The yields adopted for SNII are those of Woosley
& Weaver (1995) and they have some issues with Mg so that they
produce less elements than expected. However the O abundances
are well-reproduced. As a consequence we decided to use O abun-
dances for the simulations.
3 THE ANALYSIS
3.1 Observed chemical patterns
We aim to properly study the [X/Fe] abundance variations across
the halo for α-elements, as a function of metallicity, which we iden-
tify with the [Fe/H] abundance ratio. We perform this analysis for
the [O/Fe] and [Mg/Fe] abundances released in DR14. These two
elements have a similar origin, and are mainly released into the in-
terstellar medium through the explosion of Type II supernovae.
As in Fernández-Alvar et al. (2017), we calculate the median
[X/Fe] from the abundances available in the DR14 catalogue in bins
of distance from the Galactic center, r, of 2.5 kpc, assuring a min-
imum of 5 stars per bin. We calculate the medians for different
metallicity ranges:−2.5 < [Fe/H] <−1.8 (low-metallicity popula-
tion),−1.8< [Fe/H] <−1.1 (intermediate-metallicity population),
and −1.1 < [Fe/H] < 0.0 (high-metallicity population).
The derived chemical trends for our entire halo sample are
MNRAS 000, 1–13 (2017)
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Figure 1. Top panels: Median [O/Fe] and [Mg/Fe] ratios determined for the selected whole sample in bins r (from 5 kpc to 30 kpc) for stars in three different
ranges in [Fe/H] (−2.5 < [Fe/H] <−1.8,−1.8 < [Fe/H] <−1.1, and -1.1 < [Fe/H] < 0.0). The error bars are the statistical error for each median determined,
the median absolute deviation (MAD). Bottom panels: Same as top panels but considering only stars with 4600 < Teff < 4800 (reduced sample).
shown in Figure 1. The panels exhibit the resulting [X/Fe] medians,
as well as their corresponding median absolute deviation (MAD),
as a function of r.
The chemical trends for both elemental-abundance ratios ex-
hibit a significant decrease with r for stars at −1.1 < [Fe/H] < 0.0.
We first evaluate the possibility that this gradient is the result of our
selection criteria. We obtain the logg distribution at each [Fe/H]
and radial bin. We note that for r > 15 kpc the logg distribution is
skewed toward lower values (peak at logg∼ 1.0), whereas at lower
distances the distribution peaks at higher logg values. The [O/Fe]
abundances do not show a trend with logg, except a slightly in-
creasing trend with logg in the −1.1 < [Fe/H] < 0.0 bin at r > 15
kpc. Stars in this bin exhibit lower [O/Fe] values at logg∼ 1.0 than
stars at r < 15 kpc. However, this trend with logg is not observed
in the case of [Mg/Fe], for which the decreasing trend of this ratio
with distance is the same as observed for [O/Fe]. For this reason,
we consider that the decrease detected for the [α-elements/Fe] ratio
with distance from the Galactic center is not due to the shift in the
logg distribution toward lower values at the largest distances.
The oxygen abundances are determined from 50 regions of
the spectra covering mostly OH molecular bands (Holtzman et al.
2018). The OH bands are very sensitive to the adopted Teff. We de-
tect a bias in [Fe/H] towards high values at Teff > 4600 K. We also
detect an increasing trend of [O/Fe] with Teff, and an important in-
crease in the abundance dispersion for stars with Teff > 5000 K.
[Mg/Fe] abundances also show an increasing trend with Teff, al-
though much lower than for [O/Fe]. In order to avoid artificial dis-
tortions in the derived trends with distance due to these systematic
MNRAS 000, 1–13 (2017)
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Figure 2. Distribution of [X/Fe] of the whole sample for each r range (each histogram: 5 < r < 10 kpc in black, 10 < r < 15 kpc in grey, and 15 < r < 30 kpc
in red) at the three different [Fe/H] bins considered, from the first to the third rows of panels, respectively. The y-axis corresponds to the number of stars (N)
in each [X/Fe] bin, normalized to the total number of stars (Ntot ) in each bin of r and [Fe/H].
effects, we reduce our sample to a narrower range of Teff, [4600 ,
4800] K, where there is no bias toward higher [Fe/H] and no de-
pendence of the chemical abundances with Teff is observed. This
reduced sample comprised 183 stars. The bottom panels in Fig. 1
show the resulting trends inferred from this smaller group. Due to
the lower number of stars, the dispersion in the resulting median
trends is larger and the statistical results are less robust. However,
the trends inferred are qualitatively the same as those derived from
the whole sample, in particular the steeper decreasing trend ob-
served in the most metal-rich bin. The fact that we detected the
same patterns with r using a sample where the chemical abun-
dances do not show systematic correlations with stellar parameters
suggests that these trends are real, and not an artifact.
Figure 2 shows the [X/Fe] distribution in each of the [Fe/H]
ranges considered, and three radial bins, 5 < r < 10 kpc, 10 < r <
15 kpc, and 15 < r < 30 kpc, normalised to the total number of
stars in each radial bin.
These trends, inferred from a larger number of halo stars and
improved abundance determinations and distances, confirm the de-
crease in [α/Fe] with r for stars at [Fe/H] > −1.1 reported by
Fernández-Alvar et al. (2017).
3.2 Simulated chemical trends
We estimated the [O/Fe] profiles for the seven Aquarius haloes (A,
B, C, D, F, G, H) analysed by Tissera et al. (2012), calculating
medians in the same [Fe/H] and r intervals used for the observa-
tions. We only considered stars located at |h| > 5 kpc, the same
MNRAS 000, 1–13 (2017)
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Figure 3. Median [O/Fe] values derived from the Aq-C (top panel) and
the Aq-D (bottom panel) halos obtained from the Aquarius cosmological
simulations, in the same [Fe/H] and r bins, and using the same color coding,
as the observations.
requirement imposed for the APOGEE observations. In the case
of the simulations, 16O is our α-element reference. After explor-
ing the trends in all the haloes, we choose two of them to make
a detailed analysis in relation to their assembly histories, Aq-C
and Aq-D. The simulated halo that best represents the observa-
tional [O/Fe] and [Mg/Fe] trends shown in Fig. 1 is Aq-C, which
exhibits a decrease in these trends with r for the most metal-rich
bin, stars with [Fe/H]>−1.1. On the contrary, the halo that differs
the most from the observations is Aq-D, exhibiting a slightly in-
creasing α-enrichment with increasing radius. We show the trends
for both haloes in Fig.3. From these figures, we also note that, for
the intermediate-[Fe/H] interval, Aq-D also exhibits an increase of
[O/Fe], while Aq-C has a flat trend with radius. In the low-[Fe/H]
interval, the trends with radius are flat for both simulated haloes.
In order to further compare the observations and simulations,
Fig. 4 shows the [O/Fe] distributions for the defined radial intervals.
At first sight, the distributions appear different from the observed
ones shown in Fig. 22. However, when examined in detail, some
similarities emerge. In the case of Aq-C, the trends from the the
inner to outer radii for the three metallicity sub-samples are similar:
the inner radii are more dominated by α-rich stars with respect to
the α-poor stars, principally in the outer radial interval. Althougth
at all radii and metallicities, there is a larger contribution of α-rich
stars in Aq-C, the relative contribution of α-poor stars increases
remarkably for high metallicities in outer radial interval. It is this
different relative contribution of α-poor stas that results in a slope
more comparable to the MW abundance patterns. A similar change
in the relative contribution of α-rich to α-poor stars can be seen
in Fig. 2. However, we acknowledge the fact that the observations
show a sharper decrease of α-rich and high-metallicity stars in the
outer region than that predicted by Aq-C.
Conversely, Aq-D does not exhibit such a significant contribu-
tion from α-rich stars in the high-metallicity interval at any radius,
because there is a larger contribution of α-poor stars at all radii. In
addition, the contribution of α-rich stars increases for r > 15 kpc.
This is why the median [O/Fe] in the central regions of Aq-D are
lower than in the outer radial interval, producing the opposite trend
to that found in Aq-C. Below we explore why this happens in Aq-D
but not in Aq-C, the simulated halo that is most like the observed
MW [O/Fe] pattern.
3.3 The high-metallicity stellar population
To understand which stellar populations (according to their origin)
are responsible of the [O/Fe] gradient in stars with −1.1 < [Fe/H]
< 0.0, we examine the contribution of each sub-population accord-
ing to their origin. We focus on this metallicity interval because it
is the one which shows the strongest signature in the observations
(see Fig. 1).
Figure 5 shows the contribution of the stellar populations to
the [O/Fe] distributions for those stars with −1.1 < [Fe/H]< 0.0,
divided into the three defined radial intervals for the Aq-C and Aq-
D simulated haloes. Each sub-sample has been normalised to the to-
tal stellar mass within a radial interval. This figure reveals that the
Aq-C halo is characterised by a conspicuous fraction of accreted
stars with high-[O/Fe] (∼ +0.3) for each r interval. The contribu-
tion of in-situ stars is almost negligible compared with the contri-
bution of accreted stars. The fraction of accreted stars with [O/Fe]
< +0.2 increases with r, whereas that corresponding to high [O/Fe]
decreases, causing the negative [O/Fe] gradient with r. Therefore,
the stellar population responsible for the negative [O/Fe] gradient
with distance is the large fraction of accreted stars with low α-
values.
In Aq-D, there is smaller relative contribution of accreted
high-[O/Fe] stars. There is also a larger contribution of disc-heated
stars with low [O/Fe]. This fraction of in-situ stars decreases as r
increases, so the contribution of stars with high [O/Fe] increases
with r. In addition, the distribution of [O/Fe] is broader, without
a strong peak at high [O/Fe], as in the case of Aq-C. The relative
2 The sharp increase in [O/Fe] close to Solar values is produced by the
enrichment from SNIa relative to SNII. This occurrs in the low-metallicity
sub-samples were the star formation is starting, and the mixing of chemical
elements in the ISM is more inhomogeneous. More efficient metal mixing
will solve this numerical artefact.
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Figure 4. Mass fractions of stars within the three metallicity intervals: −2.5 < [Fe/H] < −1.8 (upper), −1.8 < [Fe/H] < −1.1 (middle), and −1.1 < [Fe/H]
< 0.0 (lower panels) and in three radial intervals: 5 < r < 10 kpc (blue lines), 10 < r < 15 kpc (green lines), and 15 < r < 30 kpc (red lines), for haloes Aq-C
and Aq-D (left and right columns, respectively), normalized to the total mass in each bin of r and [Fe/H].
fraction of high-[O/Fe] stars tend to increase with r. Consequently,
the median [O/Fe] value for stars within this metallicity range is
higher, as they are located farther away. In this simulated halo, the
α-poor stars are more concentrated in the inner regions.
3.4 The assembly history behind the α-element trends
In the case of Aq-C, the distribution of [O/Fe], with a peak at high
[O/Fe] ∼ +0.35 at high metallicities ([Fe/H] >−1.1), implies that
these stars should have formed from a short and intense burst of star
formation. The ISM would have reached large [Fe/H] and [O/H],
both mainly due to the contribution of SNeII. The stars contribut-
ing to the nearer regions (r < 15 kpc) should be old and contempo-
raneous, otherwise SNeIa would have had time to explode, enrich-
ing the ISM so that the subsequently born stars would have lower
[O/Fe]. On the other hand, the increase of low [O/Fe] at more dis-
tant radii implies that these stars would be comparatively younger.
The broader distribution of [O/Fe] displayed by the accreted
sample in the halo Aq-D, with a more similar fraction of low-[O/Fe]
stars with respect to high-[O/Fe] stars, indicates that they would
have formed during an extended star-formation era, allowing for
a significant fraction of stars to be formed from gas enriched by
SNeIa.
To further probe this hypothesis, we examine the age distri-
bution of each stellar population. As can be seen from Fig. 6, the
accreted stars in the halo Aq-C populating the nearer region are
concentrated in an age range [∼ 11.5,13.0] Gyr. A secondary peak
at ∼ 11 Gyr, which would correspond to stars with lower [O/Fe]
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Figure 5. Mass fractions of stars, F, at −1.1 < [Fe/H]< 0.0 in the three radial intervals: 5 < r < 10 kpc (green lines), 10 < r < 15 kpc (blue lines), and
15 < r < 30 kpc (red lines), normalized to the total mass in this [Fe/H] bin, for haloes Aq-C and Aq-D (left and right columns, respectively), considering
separately each sub-population with a different origin.
values, is considerably lower with respect to the rest of the distribu-
tion, but increases with increasing radii and extends towards lower
ages. This age distribution explains the increment of low-[O/Fe]
stars, which are indeed slightly younger stars, formed at an epoch
when the ISM would have been already enriched by SNeIa. There
is also a fraction of in-situ endo-debris stars peaked at∼ 12 Gyr for
stars at r < 10 kpc, which diminishes at higher radii.
Conversely, the distribution of stellar ages for the halo Aq-D
peaks at slightly lower values, ∼ 11.5 Gyr, and extends over the
range [∼ 9.5,∼ 13] Gyr. These stars formed during a more extend-
ing period compared with Aq-C. From Fig. 7 we can also see that
there are disc-heated stars with ages in the range [∼ 7, ∼ 9.5] Gyr.
In the intermediate radial range, there is also an significant contri-
bution from disc-heated stars in this halo.
The main difference between the age distributions of the high-
metallicity stars in Aq-C and Aq-D is that the former has older
stellar populations in the inner regions, and in the outer radial in-
terval the age distributions are consistent with two star-formation
episodes. This is not the case for Aq-D, which exhibits a more ex-
tended period of star formation in all three radial intervals.
3.5 Accreted satellites
To further understand the contributions of the accreted satellite
galaxies to the formation of the inner regions of these haloes and,
therefore, their role in setting the [O/Fe] profiles, Fig. 7 and Fig. 8
show the contribution of stars with different metallicities to the
different radial intervals of the inner stellar haloes, by small (M
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Figure 6. Distribution of simulated ages from the Aq-C and Aq-D haloes for each stellar population with different origin and [Fe/H] > -1.1. We show the
distributions for each adopted radial interval as in Fig. 5.
< 109M) , intermediate (109M < M < 1010M), and massive
(M > 1010M) satellites (where M denotes the dynamical mass of
the accreted satellites at the time it enters the virial radius of the
main progenitor galaxy).
As shown in Fig. 7, Aq-C has a larger contribution from
intermediate-mass satellites for the lower metallicity interval.
The higher-metallicity accreted stars are formed in massive and
intermediate-mass satellites. For increasing radius, the contribu-
tions from massive satellites increases. This is consistent with the
previous trends showing these stars have lower [O/Fe] abundances.
From figure 4 in Tissera et al. (2014), we know that the Aq-C inner
region did not receive satellites larger than about ∼ 2× 1010M.
Our analysis shows that three satellites, with dynamical masses not
larger than 2× 1010 M, contribute stars particularly in the outer
radial interval.
Regarding Aq-D, the trends in Fig. 8 show a different as-
sembly history, with a more significant contribution coming from
massive satellites, also in agreement with figure 4 in Tissera et al.
(2014). These satellites are more massive, and contribute to all ra-
dial and metallicity intervals. These more massive satellite accre-
tion affects the inner region and contributes less α-enhanced stars
to the inner radial bins. We identify contributions from up to four
satellites with mean dynamical masses∼ 2.5×1010M (i.e., in the
range [∼ 2.5 , ∼ 4.3×1010] M).
For both Aq-C and Aq-D, these satellites did not deposit all
of their stars within these regions. There are partial contributions
as the satellites are disrupted. In the case of Aq-D, the more-
massive satellites contribute ∼ 75%, ∼ 66%, and ∼ 56% of the
stars in the high-, intermediate-, and low-metallicity populations.
Conversely, for Aq-C, the higher-mass satellites contribute ∼ 39%,
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∼ 28%, and ∼ 21% for the same metallicity populations. However,
this halo has the largest contributions coming from intermediate-
mass satellites:∼ 52%,∼ 53%, and∼ 47% of the stars in the high-,
intermediate-, and low-metallicity populations, respectively.
In summary, Aq-C shows a similar [α/Fe] trend as a function
of radius to the observations; it has been already reported that a
late-infalling massive satellite with an extended SFH is contribut-
ing significant mass at intermediate distances – for a very detailed
description of that satellite orbit see Parry et al. (2012) and Ap-
pendix A1 of Cooper et al. (2017). Aq-D shows the opposite trend,
supporting the idea that incomplete mixing of a massive progenitor
is responsible for what is observed in the MW.
In fact, considering recent observational results in the MW re-
garding the existence of remnants of accreted satellites in the stellar
halo (Belokurov et al. 2018; Helmi et al. 2018), we carried out the
exercise of selecting high-metallicity star particles with large ra-
dial velocities (|vr|> 150 km/s) and small tangential ones |vt |< 30
km/s, contributed by satellites of different masses in order to find
out clues on their origins. We find that, in Aq-C, 50, 32 and 18 per
cent of high-metallicity stars were contributed by massive, interme-
diate and small mass galaxies. While for Aq-D these percentages
are 73, 19, and 7 per cent, respectively, in agreement with the trends
shown in Fig.6 and Fig.7. It is clear that in both cases the major-
ity of the high-metallicity stars are associated to massive satellites.
However, in the case of Aq-D, the massive satellite clearly has the
principal role. Nevertheless, this last halo do not have a distribu-
tion of α-elements consistent with observations in the MW because
most of the stars are α-poor and they have been able to reach the
center. So that the α-profiles is inverted with respect to that of Aq-
C. It is very interesting to take into account the results of Cooper
et al. (2017) that tracked the satellite in time and found it has gone
several pass-bye in the last 8 Gyrs. We cannot prevent the obvious
question: in the case of the MW, could be the satellite responsible
of imprinting this α-pattern still around (e.g. Belokurov et al. 2018;
Koposov et al. 2018)?
4 CONCLUSIONS
The elemental-abundance ratios for the two α-elements O and Mg
reported in the DR14 APOGEE/APOGEE-2 database for relatively
metal-rich halo stars ([Fe/H] > −1.1) at Galactocentric radii be-
tween 5 and ∼30 kpc exhibit a gradient with distance, which be-
comes flatter at lower metallicity. The simulated halo that best re-
produces this observational feature is Aq-C. This halo exhibits a
decreasing trend in [O/Fe] with r for stars at [Fe/H] > −1.1 and
flat trends at lower [Fe/H], for stars at r > 5 kpc, qualitatively sim-
ilar to the [O/Fe] trends inferred from the APOGEE/APOGEE-2
DR14 observations.
The results from the comparative analysis of Aq-C and Aq-D
indicates that the decreasing [O/Fe] with radius for more metal-rich
stars is due to the contribution of accreted stars from satellite galax-
ies with about 1010 M dynamical mass that did not get all way to
the central region. The assembly history for Aq-C is characterised
by the larger contribution from intermediate-mass satellites in the
inner regions (r < 15 kpc) with old high-α stars, and the increase
of the contribution from more-massive satellites, populating it with
younger low-α stars, at r > 15 kpc.
The large fraction of old high-[O/Fe] stars at r< 15 kpc is due
to short and intense bursts of star formation, while the low-[O/Fe]
stellar populations are associated with a later second burst. There is
a clear gap between the two starbursts, which provides enough time
for SNIa enrichment. Note that these two α-enriched populations
might have formed in different accreted satellites.
An intermediate/massive satellite would be able to retain gas
to have a second starburst, after the first one quenched star for-
mation by heating up the ISM (Aq-C). However, if it is sufficiently
massive, then the period of star formation would be more extended,
and the satellite would also be able to reach the inner regions
(Amorisco 2017; Fattahi et al. 2018) as is the case in Aq-D. The
resulting [O/Fe] patterns will be different: more enriched material
would be able to reach the central region in the latter case, thus pro-
ducing a positive increases of [O/Fe] with radius. Note that these
satellites could also heat up the old disc, contributing with more
disc-heated stars in the halo. Our results are in agreement with
those recently reported in the literature pointing to the accretion
of a relatively massive satellite. In particular, our results agree with
Mackereth et al. (2018) who analysed simulated galaxies from the
EAGLE project and inferred a merger history for the Milky Way of
satellites with stellar masses in the range 108-109M.
The comparative analysis between Aq-C and Aq-D we have
carried out suggests that, in order to reproduce the observed α-
element patterns in the inner region of the MW, in particular the
decrease of [O/Fe] for increasing radius, intermediate- and low-
mass satellites would be expected to contribute to the very inner
regions but a more-massive satellite (i.e., dynamical mass about
∼ 1010 M at the time the satellite enters the virial radius of the
MW progenitor) is expected to contribute low-α stars farther away.
Considering our results and those of Cooper et al . (2017) we spec-
ulate that the surviving remnant of this massive satellite could be
still orbiting the MW.
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